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Subthalamic Nucleus Influences Spatial Orientation in
Extrapersonal Space

Karsten Witt, MD,1 Florian Kopper, MD,1 Günther Deuschl, MD,1* and Paul Krack, MD2

1Department of Neurology, University Schleswig-Holstein, Kiel, Germany
2Department of Clinical and Biological Neurosciences, Service de Neurologie, Centre Hospitalier Universitaire de Grenoble,

Grenoble, France

Abstract: While the role of frontal and parietal cortex in
spatial orientation has been studied extensively, the contri-
bution of the basal ganglia and especially the subthalamic
nucleus to spatial orientation remains less clear. Here we use
subthalamic nucleus (STN) deep brain stimulation (DBS) in
Parkinson’s disease (PD) as a reversible model of functional
lesioning to evaluate the influence of the STN in extraper-
sonal space orientation. To this end, 12 PD patients were
examined 1 year after implantation of DBS electrodes in the
STN after overnight withdrawal of L-dopa. Patients were
tested in a pseudorandomized order while both stimulators,
the right only, the left only, or no stimulator, were switched
on. Patients performed line bisection and a reaction time task
responding to stimuli of the middle, the left, and the right
extrapersonal space. A separate assessment of the right and
left hand responding to visual stimuli in each hemispace

made it possible to distinguish hemispatial and hemimotor
impairments. No asymmetries in space orientation were
found when both stimulators were switched OFF, when both
stimulators were switched ON, and when only the right
stimulator was switched ON. When only the left subthalamic
stimulation was switched ON, the reaction times of both
hands to visual stimuli in the left extrapersonal hemispace
increased significantly and the line bisection test showed a
significant orientation to the right. These results lead to the
conclusion that the STN and its cortical projections influence
the network involved in visuospatial orientation. These pat-
terns of symptoms of neglect demonstrate the influence of
the STN on the attentional system of the nondominant
hemisphere. © 2005 Movement Disorder Society
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Contralesional neglect in humans is most commonly
the consequence of temporoparietal lesions in the right
hemisphere.1–5 But neglect may also occur after lesions
to other regions, including areas in the frontal lobe.3,6–10

Various studies have documented that lesions restricted
to the right basal ganglia lead to an asymmetry in space
exploration and a failure to react or respond to stimuli
located in the contralateral hemispace.2,11–18 Most of
these studies examine patients with neglect as a conse-
quence of stroke and it has been controversial if hemis-
patial neglect following subcortical lesions are the con-

sequence of associated cortical dysfunction not visible
by structural computer tomography or conventional mag-
netic resonance imaging (MRI).15,19,20 In support of this
hypothesis, several studies have shown cortical hypo-
perfusion in patients with neglect associated with sub-
cortical stroke using MR perfusion-weighted imaging
or single photon emission computed tomography
(SPECT).15,19,21

It has been demonstrated that monkeys with unilateral
lesions of nigrostriatal dopamine projections exhibited a
persistent neglect of contralesional space. Rats with uni-
lateral 6-hydroxydopamine injections destroying dopa-
minergic projection from the substantia nigra show a
disturbance in space orientation, asymmetries in head
position, and a change in response behavior to visual and
tactile stimuli comparable to symptoms of neglect of
contralateral stimuli.22 Additional lesioning of the sub-
thalamic nucleus (STN) improves some of these
deficits.22
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Although the mechanisms of bilateral deep brain stim-
ulation (DBS) of the STN are not well understood, the
functional outcome of subthalamic stimulation mimics
that of an STN lesion.23,24 Previous studies have used
acute effects of STN DBS as a tool to modify the activity
in basal ganglia circuits intraindividually.25–30

To evaluate the possible influence of STN stimulation
on spatial orientation, we assessed 12 patients with Par-
kinson’s disease (PD) after implantation of electrodes in
the STN for chronic DBS in four conditions: turning both
stimulators OFF, turning ON only the right stimulator,
turning ON only the left stimulator, and turning ON both
stimulators. After overnight withdrawal of L-dopa, pa-
tients were pseudorandomly assigned to one of the stim-
ulation conditions. Patients performed a line bisection
and a reaction time task responding to stimuli of the
middle, the left, and the right extrapersonal space devel-
oped by Sakashita.31 A separate assessment of the right
and left hand responding to visual stimuli in each hemis-
pace made it possible to distinguish hemispatial and
hemimotor impairments. Additionally, a standardized
motor score was performed [Unified Parkinson Disease
Rating Scale, part III (UPDRS III)].

PATIENTS AND METHODS

Patients

A consecutive series of 12 PD patients, 4 female and
8 male (mean age, 57.6 � 6.1 years), were examined 6 to
25 month (mean, 13 � 6.7 months) after bilateral elec-
trode implantation into the STN for chronic DBS in Kiel,
Germany. All PD patients fulfilled the brain bank criteria
for PD32 and all patients suffered from advanced PD with
a mean disease duration of 12 � 4.8 years. None of them
was demented preoperatively and postoperatively (Mat-
tis Dementia Rating Scale Score � 13033). Seven pa-
tients were predominantly left-sided and five patients
were predominantly right-sided preoperatively. The neu-
rological examination excluded deficits in the visual
field. All patients had a normal vision or a vision cor-
rected to normal. All subjects were right-handed as as-
sessed by Annett’s test of handness.34 The stimulating
electrodes (Medtronic, Minneapolis, MN) were im-
planted using stereotactic MRI-based targeting and in-
traoperative electrophysiology with microrecording and
microstimulation as previously described.35 Three pa-
tients are included in a study visualizing the most effec-
tive stimulation electrode in the border part of the STN.36

The preoperative MRI did not show any large vessel
infarction. Three patients had small white matter lesions
of microvascular origin. At the time of testing, patients
received an average levodopa equivalent daily dosage of

419 � 140 mg and stimulation characteristics were as
follows: monopolar stimulation of a single electrode
contact on the right side, mean pulse width of 62 � 8.7
�s, frequency of 130, and mean stimulation voltage of
3.0 � 0.6 V; for the left side, mean pulse width of 65 �
17 �s, frequency of 130 Hz, and mean stimulation volt-
age of 3.1 � 0.5 V. The protocol was approved by the
ethics committee at Kiel University and all patients gave
informed consent.

Test Procedure

All patients were tested in a medication off condition
following a 12-hour overnight withdrawal of dopaminer-
gic medication. Blinded to the patients, we randomly
assigned them to one of the following stimulation con-
ditions: both electrodes switched OFF, right electrode
ON and left electrode OFF, right electrode OFF and left
electrode ON, and both electrodes ON. We used the
identical stimulation parameters as for chronic DBS. The
neurological examination (UPDRS III) began at least 30
minutes after changing the stimulation condition when a
stable clinical status was achieved. The total score of the
UPDRS III was calculated and in order to quantify the
degree of symptom asymmetry, as well as the mean left
and right sum scores of those UPDRS items (20–26)
assessing lateralized symptoms. In addition, the visual
attention task and the line bisection were performed in a
random order. After these tests, the next stimulator set-
tings were set and the described procedure were repeated
until all four stimulation conditions were passed.

Neglect Tests

The visual attention task31 was run on a personal com-
puter and took place in a dimly illuminated room. Each
patient was instructed to sit 60 to 80 cm in front of the
computer screen comfortably with the eyes and the body
aligned to the center of the screen. Five vertically arranged
white bars were presented on a 17 inch computer screen in
front of a black background. Each line was 16 cm long with
a diameter of 0.6 cm. A small black defect (0.6 � 0.6 cm)
randomly appeared on the lines on one of three portions: 2.5
cm from the top of the white line, in the middle, or 2.5 cm
from the bottom. Therefore, the stimuli appeared on 15
positions. The patients were instructed to press the space
bar of the computer keyboard as fast as possible using the
index finger whenever the black defect appeared. Every test
started with a short training session using 16 stimuli ap-
pearing randomly on one of the mentioned positions. On
every following test phase, 80 stimuli randomly appeared
16 times on one of the five lines. The interstimulus interval
was 2 to 5 seconds. In every treatment condition (both
electrodes OFF, right ON but left OFF, right OFF but left
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ON, and both electrodes OFF), two runs were performed
responding with the dominant hand and the nondominant
hand, respectively, in a random order. The reaction time
(RT) was measured using real-time MSDOS to ensure that
responses were measured to millisecond accuracy. The
mean of all RTs following the stimuli on one bar was
calculated regardless of the position of stimuli on the bar
(top, middle, or bottom position). To evaluate possible
tendencies of lateralization, we calculated a ratio represent-
ing left-side orientation (mean RTs of the most left-sided
bar/mean RTs of the middle bar) and a ratio representing
right-side orientation (mean RTs of the most right-sided
bar/mean RTs of middle bar). These quotients represent the
allocation of attention in the absence of stimulation-influ-
enced baseline RTs. The procedure is very sensitive to
spatial attentional deficits; moreover, it is quantitative.31

The patients were tested with a line bisection task.
Lines with a length of 8, 16, and 24 cm were presented
on separate horizontally oriented 21 � 29.7 cm sheet of
paper. The center of the sheets was aligned with the
body’s sagittal midline. Patients were asked to divide
every line exactly in the middle using the dominant hand.
Each length of the horizontal line bisection task was
presented five times without any time limit. The devia-
tion of the center of the line was measured with milli-
meter accuracy. Deviations to the left side were defined
as negative values and deviations to the right side were
defined as positive values.

Statistical Analysis

Regarding the stimulation settings (stimulation volt-
age, frequency, and pulse width), right versus left Wil-
coxon signed ranks test was used. The following data
were analyzed by separate general linear model with
repeated measurements using SPSS for Windows: re-
lated to the UPDRS III scores, a 4 � 1 factor design was
calculated using the variables stimulation (right OFF/left
OFF, right ON/left OFF, right OFF/left ON, and right
ON/left ON) and the variable UPDRS score to assess
within-subjects effects. Contrasts were used to test for
differences between the levels of the factor stimulation.
For the visual attention task, we chose a 4 � 2 � 2 factor
design using the variables stimulation (right OFF/left
OFF, right ON/left OFF, right OFF/left ON, and right

ON/left ON), hand (right hand and left hand), and re-
sponse side (most right part of the screen and most left
side of the screen) to assess within-subjects effects. Con-
trasts were used to test for differences between the levels
of the factor stimulation, hand, and side. To assess ten-
dencies of lateralization, we furthermore chose a 4 � 1
factor design using the variables stimulation (right OFF/
left OFF, right ON/left OFF, right OFF/left ON, and right
ON/left ON) concerning the RT ratio for the left-sided
stimuli and for the right-sided stimuli, respectively. Con-
trasts were used to test for differences between the levels
of the factor stimulation. The results of the line bisection
task were analyzed by a 4 � 3 factor design using the
variables stimulation (right OFF/left OFF, right ON/left
OFF, right OFF/left ON, and right ON/left ON) and
length of the line (8, 16, and 24 cm). Again, contrasts
were used to test for differences between the levels of the
factors. The effect of symptom lateralization of the dis-
ease (predominantly right- and left-sided parkinsonism)
on visuospatial lateralization was tested as between sub-
ject factor for the results of the visual attention task and
the line bisection task separately.

RESULTS

There was no statistically significant difference be-
tween the stimulation setting comparing the right and the
left electrode regarding stimulation voltage, frequency,
and pulse width. One patient refused the line bisection
task and the visual attention task while both stimulators
were turned OFF.

UPDRS Motor Score

Tests of within-subjects effects show a significant effect
of stimulation (F � 25.21; P � 0.001). Within-subjects
contrasts demonstrate a significant improvement of UPDRS
score of the stimulation settings turning ON one stimulator
(right ON/left OFF and right OFF/left ON) compared to the
stimulation settings turning OFF both stimulators (Table 1).
On the other hand, within-subjects contrasts demonstrate a
significant improvement of UPDRS score of the stimulation
settings turning ON both sides of the stimulators (right
ON/left ON) compared to the stimulation settings turning
ON one stimulator exclusively (right ON/left OFF and right
ON/left OFF). The UPDRS scores with the stimulator set-

TABLE 1. Results of the neurological examination in four stimulation settings

Stimulation Right STN OFF/left STN OFF Right OFF/left ON Right ON/left OFF Right ON/left ON

UPDRS III total score 40.77 � 10.43 32.38 � 10.77 31.00 � 11.00 24.67 � 9.00
UPDRS left hemibody 12.09 � 4.11 9.58 � 3.49 7.54 � 3.01 6.29 � 2.66
UPDRS right hemibody 11.30 � 2.81 8.08 � 3.40 9.67 � 4.48 6.42 � 3.02

UPDRS III unilateral items (20–26) were scored separately to evaluate the degree of symptom asymmetry.
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ting right ON/left OFF compared to UPDRS score right
OFF/left ON are not statistically different. Especially in the
unilateral stimulation settings, no shift in gaze direction was
found.

Visual Attention Task

Test of within-subjects effects showed a significant effect
of stimulation on reaction time performance (F � 4.887;
P � 0.007) and no significant effects for the variables hand
and side (Fig. 1). Within-subjects contrasts identified the
stimulation setting right OFF/left OFF as the significant
different condition compared to the other stimulation set-
tings. These results demonstrate significantly increased RTs
when both stimulators were switched OFF. Within-subjects
contrasts furthermore showed a significant interaction con-
cerning the variables Stimulation � Side and identified the
Stimulation setting right OFF/left ON as the relevant con-
dition significantly different from the other conditions (F �
7.97; P � 0.018). To identify the stimulus side responsible
for the significant interaction (Stimulation � Side), a 4 � 1
factor design using the variables stimulation concerning the
RT ratio for the left-sided stimuli showed a significant
effect for stimulation (F � 2.99; P � 0.047) (Table 2).
Posthoc contrasts demonstrated a significant effect of the
stimulation condition right OFF/left ON compared to the
other stimulation settings (F � 5.42; P � 0.042). There
were no significant effects concerning the right-side orien-
tation. In summary, the results show significant increased

RTs when both stimulators were turned OFF independently
of the side of stimulus onset. The significant interaction
Stimulation � Side was the consequence of increased RTs
to left-sided stimuli in the stimulation condition right OFF/
left ON. Additionally, patient results did not differ in terms
of their preoperatively predominant hemiparkinsonian side
acquired within the scope of the natural history of the
disease.

Line Bisection Task

Testing of within-subjects effects shows a significant
effect of stimulation (F � 7.06; P � 0.001) and no
significant effects for the variable length of the line and

FIG. 1. Results of the visual attention task. At the top are two schemes
of the screen for the right and the left hand, respectively (A). Patients
should respond by pressing a bottom with the right (left part of the
figure) or the left hand (right part of the figure) when a small defect
appears. B to E display the reaction times (mean and standard error of
the mean) responding to the lines of the scheme in four stimulations
settings: (B) both stimulators turned OFF, (C) left-sided stimulator
turned ON exclusively, (D) right-sided stimulator turned ON exclu-
sively, and (E) both stimulators turned ON. Asterisk denotes significant
increased reaction times.

TABLE 2. Ratios of the visual attention task represent
left-side orientation (left hemispace) and right-side

orientation (right hemispace) for the left hand
and the right hand separately

Stimulation setting
and hand tested

Ratio of orientation

Left
hemispace

Right
hemispace

Right OFF/left OFF
Left hand 1.0680 1.1028
Right hand 1.1267 1.0989

Right OFF/left ON
Left hand 1.2320* 1.0685*
Right hand 1.2907* 1.0894*

Right ON/left OFF
Left hand 1.1591 1.0991
Right hand 1.2425 1.1665

Right ON/left ON
Left hand 1.1078 1.0719
Right hand 1.0487 1.0235

These quotients represent the allocation of attention in the absence of
stimulation influenced baseline RTs(*). Stimulation of the left elec-
trode exclusively leads to a significant increased ratio of orientation to
visual stimuli of the left hemispace. Ratio of the left-side orientation �
mean RTs of the most left-sided bar/mean RTs of the middle bar. Ratio
of the right-side orientation � mean RTs of the most right-sided
bar/mean RTs of middle bar.
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no interaction (Stimulation � Length; Fig. 2). Within-
subjects contrasts identify the stimulation setting right
OFF/left ON as the significant different condition com-
pared to the other stimulation settings (F � 11.21; P �
0.007). In summary, the stimulation setting right OFF/
left ON leads to a significant orientation to the right side.
The statistical analysis of the preoperatively predominant
side of parkinsonian symptoms did not show any signif-
icant differences.

DISCUSSION

In patients with PD who had a symmetrical improve-
ment of their motor symptoms with bilateral STN stim-
ulation, an exclusively left-sided STN-DBS increased
mildly the reaction times of both hands to visual stimuli
of the left extrapersonal hemispace. The line bisection
task showed a slight but significant visuospatial orienta-
tion toward the contralateral right side. In the other
stimulation settings, including right subthalamic stimu-
lation only, no asymmetry of space orientation was de-
tected either in the visual attention task or in the line
bisection task. Turning on the left subthalamic stimula-

tion exclusively thus led to a neglect of left-sided stimuli.
The magnitude of these results, although small, was
statistically significant. These results demonstrate the
influence of the STN in spatial orientation.

Previous studies have investigated the role of basal
ganglia in spatial orientation. In nonparkinsonian rats, a
unilateral STN lesion revealed an orientation bias toward
the contralesional side.22,37 Lesions in the nonmotor parts
of the external globus pallidus (GPe) in nonparkinsonian
monkeys induced a disturbance in spatial attention inter-
preted as a hyperattraction toward goals in the contralat-
eral side relative to the lesioned GPe.38 It has been
argued that an imbalance in dopaminergic cortico–sub-
cortical circuits causes a unilateral disturbance in atten-
tion and intention to the contralesional side.39 According
to current models of basal ganglia–thalamocortical cir-
cuits, the substantia nigra, pars compacta (SNc), modu-
late the activity of basal ganglia output neurons in the
internal segment of the globus pallidus and the substantia
nigra, pars reticularis (SNr), by an inhibitory direct stria-
to–pallidal pathway and an indirect pathway including
GPe and STN neurons.40 Lesions in the indirect pathway
(STN and GPe) decrease basal ganglia output and induce
an orientation bias to the contralesional side. A reduction
of dopamine release as is seen after a unilateral SNc
lesion will therefore result in a net increase in basal–
ganglia output and induce an ipsilesional orientation
bias. Consequently, an additional STN lesion in a
hemiparkinsonian rat reduces the orientation bias.22

High-frequency DBS generates spikes in STN neurons
and block their spontaneous activity.41 These mecha-
nisms may remove the deleterious activity of basal gan-
glia network in the parkinsonian state and the functional
outcome of subthalamic stimulation mimics that of an
STN lesion.23,24 Therefore, in the present study examin-
ing patients suffering from bilateral parkinsonism, one
might expect a contralateral orientation bias after unilat-
eral STN stimulation in both stimulation settings (exclu-
sively stimulation of the right or left electrode, respec-
tively). In opposition, our results showed an ipsilateral
neglect after left-sided STN DBS. It is difficult to inte-
grate our main finding of an ipsilateral neglect after
left-sided STN stimulation in the concepts of basic sci-
ence mentioned above. In animal models, pure unilateral
lesions of nigrostriatal projections were used, whereas
our PD patients suffered from bilateral hypokinetic syn-
drome. Even in a chronic 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) model leading to a bilateral
hypokinetic syndrome similar to PD in humans, core
features such as a neurodegeneration outside the SN
were missed.

FIG. 2. Results of the line bisection task. The figure illustrates the
deviations (mean and standard deviation) to the left side and to the right
side of the middle. The lines of 8, 16, and 24 cm of the line bisection
task are grouped concerning the following stimulation settings: (A)
both stimulators turned OFF, (B) left-sided stimulator turned ON
exclusively, (C) right-sided stimulator turned ON exclusively, and (D)
both stimulators turned ON. Turning the left stimulator ON exclusively
(B) showed a significant orientation bias to the right side compared
with the other stimulation settings shown in A, C, and D.

358 K. WITT ET AL.

Movement Disorders, Vol. 21, No. 3, 2006



The imbalance in cortico–subcortical circuits caused
by DBS of the left STN only is similar to left hemipar-
kinsonism with a relative right-sided striatal hypodopam-
inergic state. In predominantly left-sided PD, previous
studies have demonstrated a tendency to cross lines to
the right of the middle,42 a right-sided orientation in a
line-crossing-out test,43 and the directional bias of initial
visual exploration.44 The neglect found after left-side
stimulation exclusively is similar to signs and symptoms
of neglect in predominantly left-sided PD patients re-
ported by Lee and colleagues.45 Also, quantitatively,
both studies showed only a mild but significant neglect.
The practical effect of such impairment would be small.
Lee and colleagues45 point out that patients need a long
time before they bisect the line and therefore patients
might use compensatory strategies in a task without any
time limit. In the visual attention task, patients were
under pressure of time and the magnitude of the neglect
increased compared to the line bisection task. Further-
more, patients had only a short time to develop compen-
satory strategies in our study because none of the patients
was familiar with a one-sided stimulation. These argu-
ments are in line with the study by Lee and colleagues45

of an underestimation of neglect in a laboratory situation
compared to a situation with a higher pressure of time.

The nature of the perceptual and the motor compo-
nents of signs and symptoms of neglect are still a mater
of debate.10,46–49 Using the visual attention task in the
present study, the patients were required to use the right
or left hand to respond to visual stimuli from different
spatial positions. This procedure allowed separate assess-
ments of each side in each stimulation setting in order to
distinguish hemispatial and hemimotor impairments. The
observed neglect after left-side stimulation in our pa-
tients was detectable in the dominant and the nondomi-
nant hand in the visual attention task and in the line
bisection task, too. These results suggest that left-sided
STN DBS leads to a disturbance in spatial mental rep-
resentation and is not the consequence of hemimotor
impairment. Putamen, pulvinar, and the head of the cau-
date nucleus are the subcortical structures that exert
perceptual spatial orientation in man.5,18 Damage to these
structures of the right hemisphere leads to considerable
signs of neglect. STN efferents to the putamen and the
head of the caudate nucleus might influence spatial ori-
entation via these subcortical nuclei.

On the other hand, imaging studies examining visual
attention showed an activation of the right anterior cin-
gulate gyrus, the intraparietal sulcus of right posterior
parietal cortex, and the mesial and lateral premotor cor-
tices.50 Via subcortico–cortical circuits, the STN is con-
nected with the anterior cingulate cortex.51 STN DBS

seems to modulate anterior cingulate cortex activity in a
task-specific manner27,52 and might influence spatial ori-
entation via the projections to anterior cingulate cortex of
the right hemisphere.

Animal studies revealed the influence of basal ganglia
and especially the STN in oculomotor functions.53,54 Ven-
tromedial parts of the STN projections are part of the
cortico–subcortical circuits originating in the frontal eye
field.53,54 Furthermore, STN efferents to substantia nigra are
indirectly connected with the superior colliculi (SC) and
modulate activity within the SC.55–58 Both SC and the
frontal eye field are involved in saccadic eye movements,
which have been described as deficient in PD patients.59

Unilateral right or left STN DBS can induce contralateral
gaze deviation. It is unknown whether this is related spe-
cifically to inactivation of STN neurons or rather related to
activation of neighboring supranuclear fibers.60,61 In our
patients, conjungate eye deviations after unilateral STN
stimulation was not detected on clinical evaluation with the
different stimulation settings. If unilateral right or left STN
stimulation produces an imbalance in the oculomotor sys-
tem leading to a contralateral ocular deviation, a symmet-
rical neglect to the ipsilateral side should be expected. In
our patients, however, neglect was detected exclusively
after left-sided stimulation. This argues against the assump-
tion that our results are the effect of an alteration in the
oculomotor system.

The present study demonstrates a neglect for left-sided
visual stimuli only after left-sided subthalamic stimula-
tion in PD patients rendered hemiparkinsonian on the left
side of the body. This asymmetrical manifestation of a
neglect in our study can be explained by the right-
hemispheric lateralization of visuospatial control in hu-
man species62 and might be related to the right hemi-
spheric dominance of space orientation.5,63

REFERENCES

1. Heilman KM, Bowers D, Watson RT. Performance on hemispatial
pointing task by patients with neglect syndrome. Neurology 1983;
33:661–664.

2. Leibovitch FS, Black SE, Caldwell CB, Ebert PL, Ehrlich LE,
Szalai JP. Brain-behavior correlations in hemispatial neglect using
CT and SPECT: the Sunnybrook Stroke Study. Neurology 1998;
50:901–908.

3. Vallar G, Perani D. The anatomy of unilateral neglect after right-
hemisphere stroke lesions: a clinical/CT-scan correlation study in
man. Neuropsychologia 1986;24:609–622.

4. Mort DJ, Malhotra P, Mannan SK, et al. The anatomy of visual
neglect. Brain 2003;126:1986–1997.

5. Karnath HO, Ferber S, Himmelbach M. Spatial awareness is a
function of the temporal not the posterior parietal lobe. Nature
2001;411:950–953.

6. Heilman KM, Valenstein E. Frontal lobe neglect in man. Neurol-
ogy 1972;22:660–664.

7. Heilman KM, Valenstein E. Auditory neglect in man. Arch Neurol
1972;26:32–35.

SUBTHALAMIC NUCLEUS 359

Movement Disorders, Vol. 21, No. 3, 2006



8. Husain M, Kennard C. Visual neglect associated with frontal lobe
infarction. J Neurol 1996;243:652–657.

9. Mesulam MM. A cortical network for directed attention and uni-
lateral neglect. Ann Neurol 1981;10:309–325.

10. Husain M, Mattingley JB, Rorden C, Kennard C, Driver J. Distin-
guishing sensory and motor biases in parietal and frontal neglect.
Brain 2000;123(Pt. 8):1643–1659.

11. Damasio AR, Damasio H, Chui HC. Neglect following damage to
frontal lobe or basal ganglia. Neuropsychologia 1980;18:123–132.

12. Perani D, Vallar G, Cappa S, Messa C, Fazio F. Aphasia and
neglect after subcortical stroke: a clinical/cerebral perfusion cor-
relation study. Brain 1987;110(Pt. 5):1211–1229.

13. Caplan LR, Schmahmann JD, Kase CS, et al. Caudate infarcts.
Arch Neurol 1990;47:133–143.

14. Donnan GA, Bladin PF, Berkovic SF, Longley WA, Saling MM.
The stroke syndrome of striatocapsular infarction. Brain 1991;
114(Pt. 1A):51–70.

15. Weiller C, Willmes K, Reiche W, et al. The case of aphasia or
neglect after striatocapsular infarction. Brain 1993;116(Pt.
6):1509–1525.

16. Kumral E, Evyapan D, Balkir K. Acute caudate vascular lesions.
Stroke 1999;30:100–108.

17. Chung CS, Caplan LR, Yamamoto Y, et al. Striatocapsular haem-
orrhage. Brain 2000;123(Pt. 9):1850–1862.

18. Karnath HO, Himmelbach M, Rorden C. The subcortical anatomy
of human spatial neglect: putamen, caudate nucleus and pulvinar.
Brain 2002;125:350–360.

19. Hillis AE, Wityk RJ, Barker PB, et al. Subcortical aphasia and
neglect in acute stroke: the role of cortical hypoperfusion. Brain
2002;125:1094–1104.

20. Hillis AE, Wityk RJ, Barker PB, Ulatowski JA, Jacobs MA. Change
in perfusion in acute nondominant hemisphere stroke may be better
estimated by tests of hemispatial neglect than by the National Insti-
tutes of Health Stroke Scale. Stroke 2003;34:2392–2396.

21. Vallar G, Perani D, Cappa SF, Messa C, Lenzi GL, Fazio F.
Recovery from aphasia and neglect after subcortical stroke: neu-
ropsychological and cerebral perfusion study. J Neurol Neurosurg
Psychiatry 1988;51:1269–1276.

22. Henderson JM, Annett LE, Ryan LJ, et al. Subthalamic nucleus
lesions induce deficits as well as benefits in the hemiparkinsonian
rat. Eur J Neurosci 1999;11:2749–2757.

23. Obeso JA, Rodriguez-Oroz MC, Rodriguez M, et al. Pathophysi-
ologic basis of surgery for Parkinson’s disease. Neurology 2000;
55:S7–S12.

24. Bergman H, Wichmann T, DeLong MR. Reversal of experimental
parkinsonism by lesions of the subthalamic nucleus. Science 1990;
249:1436–1438.

25. Funkiewiez A, Ardouin C, Krack P, et al. Acute psychotropic
effects of bilateral subthalamic nucleus stimulation and levodopa
in Parkinson’s disease. Mov Disord 2003;18:524–530.

26. Pillon B, Ardouin C, Damier P, et al. Neuropsychological changes
between "OFF" and "ON" STN or GPi stimulation in Parkinson’s
disease. Neurology 2000;55:411–418.

27. Schroeder U, Kuehler A, Haslinger B, et al. Subthalamic nucleus
stimulation affects striato–anterior cingulate cortex circuit in a
response conflict task: a PET study. Brain 2002;125:1995–2004.

28. Schroeder U, Kuehler A, Lange KW, et al. Subthalamic nucleus
stimulation affects a frontotemporal network: a PET study. Ann
Neurol 2003;54:445–450.

29. Witt K, Pulkowski U, Herzog J, et al. Deep brain stimulation of the
subthalamic nucleus improves cognitive flexibility but impairs
response inhibition in Parkinson disease. Arch Neurol 2004;61:
697–700.

30. Schneider F, Habel U, Volkmann J, et al. Deep brain stimulation of
the subthalamic nucleus enhances emotional processing in Parkin-
son disease. Arch Gen Psychiatry 2003;60:296–302.

31. Sakashita Y. Visual attentional disturbance with unilateral lesions
in the basal ganglia and deep white matter. Ann Neurol 1991;30:
673–677.

32. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical
diagnosis of idiopathic Parkinson’s disease: a clinico-pathological
study of 100 cases. J Neurol Neurosurg Psychiatry 1992;55:181–184.

33. Mattis S. Dementia rating scale. Odessa, FL: Psychological As-
sessment Resources; 1988.

34. Annett M. A classification of hand preference by association
analysis. Br J Psychol 1970;61:303–321.

35. Schrader B, Hamel W, Weinert D, Mehdorn HM. Documentation
of electrode localisation. Mov Disord 2002;17:167–174.

36. Herzog J, Fietzek U, Hamel W, et al. Most effective stimulation
site in subthalamic deep brain stimulation for Parkinson’s disease.
Mov Disord 2004;19:1050–1054.

37. Henderson JM, Annett LE, Torres EM, Dunnett SB. Behavioural
effects of subthalamic nucleus lesions in the hemiparkinsonian
marmoset (Callithrix jacchus). Eur J Neurosci 1998;10:689–698.

38. Grabli D, McCairn K, Hirsch EC, et al. Behavioural disorders
induced by external globus pallidus dysfunction in primates: I,
behavioural study. Brain 2004;127:2039–2054.

39. Milton AL, Marshall JW, Cummings RM, Baker HF, Ridley RM.
Dissociation of hemi-spatial and hemi-motor impairments in a
unilateral primate model of Parkinson’s disease. Behav Brain Res
2004;150:55–63.

40. Wichmann T, DeLong MR. Pathophysiology of Parkinson’s dis-
ease: the MPTP primate model of the human disorder. Ann NY
Acad Sci 2003;991:199–213.

41. Garcia L, Audin J, D’Alessandro G, Bioulac B, Hammond C. Dual
effect of high-frequency stimulation on subthalamic neuron activ-
ity. J Neurosci 2003;23:8743–8751.

42. Starkstein S, Leiguarda R, Gershanik O, Berthier M. Neuropsy-
chological disturbances in hemiparkinson’s disease. Neurology
1987;37:1762–1764.

43. Villardita C, Smirni P, Zappala G. Visual neglect in Parkinson’s
disease. Arch Neurol 1983;40:737–739.

44. Ebersbach G, Trottenberg T, Hattig H, Schelosky L, Schrag A,
Poewe W. Directional bias of initial visual exploration: a symptom
of neglect in Parkinson’s disease. Brain 1996;119(Pt. 1):79–87.

45. Lee AC, Harris JP, Atkinson EA, Fowler MS. Evidence from a line
bisection task for visuospatial neglect in left hemiparkinson’s
disease. Vision Res 2001;41:2677–2686.

46. Mesulam MM. Attention, confusional states, and neglect. In: Me-
sulam MM, editor. Principles of behavioral neurology. Philadel-
phia: F.A. Davis; 1985. p 125–168.

47. Bisiach E, Geminiani G, Berti A, Rusconi ML. Perceptual and pre-
motor factors of unilateral neglect. Neurology 1990;40:1278–1281.

48. Heilman KM, Valenstein E. Mechanisms underlying hemispatial
neglect. Ann Neurol 1979;5:166–170.

49. Mattingley JB, Husain M, Rorden C, Kennard C, Driver J. Motor
role of human inferior parietal lobe revealed in unilateral neglect
patients. Nature 1998;392:179–182.

50. Nobre AC, Sebestyen GN, Gitelman DR, Mesulam MM, Frack-
owiak RS, Frith CD. Functional localization of the system for
visuospatial attention using positron emission tomography. Brain
1997;120(Pt. 3):515–533.

51. Hamani C, Saint-Cyr JA, Fraser J, Kaplitt M, Lozano AM. The
subthalamic nucleus in the context of movement disorders. Brain
2004;127:4–20.

52. Limousin P, Greene J, Pollak P, Rothwell J, Benabid AL, Frack-
owiak R. Changes in cerebral activity pattern due to subthalamic
nucleus or internal pallidum stimulation in Parkinson’s disease.
Ann Neurol 1997;42:283–291.

53. Nambu A, Takada M, Inase M, Tokuno H. Dual somatotopical
representations in the primate subthalamic nucleus: evidence for
ordered but reversed body-map transformations from the primary
motor cortex and the supplementary motor area. J Neurosci 1996;
16:2671–2683.

54. Matsumura M, Kojima J, Gardiner TW, Hikosaka O. Visual and
oculomotor functions of monkey subthalamic nucleus. J Neuro-
physiol 1992;67:1615–1632.

360 K. WITT ET AL.

Movement Disorders, Vol. 21, No. 3, 2006



55. Hikosaka O, Wurtz RH. Visual and oculomotor functions of mon-
key substantia nigra pars reticulata: III, memory-contingent visual
and saccade responses. J Neurophysiol 1983;49:1268–1284.

56. Hikosaka O, Wurtz RH. Visual and oculomotor functions of mon-
key substantia nigra pars reticulata: II, visual responses related to
fixation of gaze. J Neurophysiol 1983;49:1254–1267.

57. Hikosaka O, Wurtz RH. Modification of saccadic eye movements
by GABA-related substances: II, effects of muscimol in monkey
substantia nigra pars reticulata. J Neurophysiol 1985;53:292–308.

58. Hikosaka O. Role of basal ganglia in saccades. Rev Neurol (Paris)
1989;145:580–586.

59. Ventre J, Zee DS, Papageorgiou H, Reich S. Abnormalities of
predictive saccades in hemi-Parkinson’s disease. Brain
1992;115(Pt. 4):1147–1165.

60. Sauleau P, Krack P, Tilikete C, Pelisson D, Vighetto A, Benabid
AL. What is the role of the subthalamic nucleus in gaze orienta-
tion? Mov Disord 2004;19(Suppl. 9):277.

61. Sauleau P, Tilikete C, Pelisson D, Alain V, Krack P, Pollak P.
Effects of deep brain stimulation of the subthalamic nucleus on
oculocephalic movements in Parkinson’s disease. Mov Disord
2004;19(Suppl. 9):277.

62. Heilman KM, Watson RT, Valenstein E. Neglect and related disor-
ders. In: Heilman KM, Valenstein E, editors. Clinical neuropsychol-
ogy. New York: Oxford University Press; 1993. p 279–336.

63. Meador KJ, Watson RT, Bowers D, Heilman KM. Hypometria
with hemispatial and limb motor neglect. Brain 1986;109(Pt. 2):
293–305.

SUBTHALAMIC NUCLEUS 361

Movement Disorders, Vol. 21, No. 3, 2006


